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ABSTRACT 


The performance parameters proposed py Soland et al. [2] was 
used to perform a comparison of the Kays and London [93] 
plate - finned surfaces for neat exchangers constructed from 
Stainless steel, mila stee!, aluminum, and copper. Three 
additional comparison criteria were also investigated by 
modifying the proposed parameters. When using stainless 


steel, the louvered plate - finned surface 1/4 (b> - 11.1, 
is the best, but when using mild steel, aluminum, or copper, 
the wavy - fin plate - finned surface 17.8 - 3/8W is the 


best of those cons!caereda. 
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NOMENCLATURE 


DEFINITION 


heat exchanger width 

heat transfer area of base surface 
without enhancement; equals length 
times heated perimeter 

minimum free flow area 

frontal area of heat exchanger 
flow area without enhancement 
total heat transfer area 

plate spacing 

specific heat 

Pin diameter 


nominal diameter; defined by (1b) 


friction factor pased on total 
area CAL: Gefined by (4a) 


nominal friction factor based on 
base area CAL); definea by (4b) 


fGiction factor for a smooth 
surface; defined by (28) 


conversion factor (= 32.174) 


mass flux Dased on minimum free 
flow area; defined by (2a) 


nominal! mass flux based on flow 
area (Ap); defined by (2b) 


heat transfer coefficient based on 
COcolmareamcan) 7 sdetined by (5a) 


nominal heat transfer coefficient 
based on pase area CAp?; defined 
by (CSb>) 


Colburn j factor based on total 
area (A,); defined by (7a) 


UNS 
fe 


£te 


£t< 

£t< 

ft< 

ft? 

ft 
BTU/lb, F 
ft 


Et 


lb, ft/lb¢ s¢ 


lb ~7hc £t< 
lb/hr tt 
BTU/hr £t< F 


BTU/hr f£t< F 





Nu 


Nu 


NTU 


Er 


4ch 


Re 


Re, 


Nominal Ceoleurnh  tactor Dased on 
base area CA, >: gerined Dy 7H. 


SolouGneastactor for smooth 
surface; defined by (26) 


thermal conductivity of material 


fin length from root to center; 
C= b/2) 


heat exchanger length 
fin parameter; defined by (10) 
Nusselt number; defined by (6a) 


nominal Nusselt number; defined 
by C6b) 


number of heat transfer units; 
Gefined py (23) 


pumping power 
Prandt] number 
heat transfer rate 


hydraulic diameter; defined py 
Clad 


Reynolds number based on minimum 
free flow area Cie qefined py 
(3a) 


nominal Reynolds number based on 
free flow area CAP): defined py 
(3b) 

temperature 


heat exchanger volume on one 
side 


Bruyvnr ft - 


ft 


ft 


sa aA 


BruUyhe 


ft 





MISCELLANEOUS 
ratio of neat transfer area (A, ) £t</tts 
to volume 
friction pressure drop lbg/tt? 
mass flow rate Dp hr 


fin efficiency; defined by (9) --- 


total surface efficiency; defined --- 


by ©€8) 
Viscosity Wem AV ewicts 
density ioeet 


heat exchanger effectiveness -- - 


fin thickness £t 


oU R 
case a parameter Se 
case Db parameter = ees 
case c parameter — 
case d parameter oe 
case e parameter - -- 
case f parameter ey oe 
case g parameter - —- = 
enhanced surface = 
smooth surface ee 


momina} Sea 
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I. INTRODUCTION 


Plate - fin surfaces have been used for many years in 
heat exchanger design. Various attempts have been made to 
develope a universal comparison method to evaluate the 
performance of enhanced surfaces. These comparison methods 
provide ways for the designer to select the most beneficial! 
surface for a given application. Any comparison method 
should be easy to apply and give accurate results. The most 
notable of these attempts have been by Bergles et al. (1), 
Webb (6), Webb et al. (7), LaHaye et al. (8), and -Cox et al. 


ii) . 


LaHaye et al. (8) proposed a method using an effective 
uninterrupted flow length to diameter ratio of the surface 
to determine the relative performance of different heat 
exchanger surfaces. This comparison method was modified py 
Soland et al. (2) and used to compare the plate - finned 
sucfaces of Kays and London [3] using aluminum as the heat 
exchanger material. From these proposed performance 
parameters four cases could be investigated when the flow 
cate and inlet temperatures between the surfaces being 
compared were held constant. The cases were: 

a) Same shape and volume. 
b) Same volume and pumping power. 
c) Same pumping power and number of transfer units. 


d) Same volume and number of transfer units. 
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Aluminum may not be the best material to use for heat 
Sxemanger construction in all applications. Plate spacing, 
fin thickness, and material thermal conductivity are three 
of tne parameters” that determine fin efficiency and 
subsequently the surface efficiency. These factors prevent 
the "best" aluminum surface from being the "best" when a 
different material 1S used. Here the proposed performance 
parameters of Soland et al. (2) are used to investigate 
which surafce is the "best" for four different materials - - 
stainless steel, mild steel, aluminum, and copper. Theic 
performance parameters are also further modified to 
investigate three additional cases: 

e) Same shape, volume, and pressure drop. 
f) Same frontal area and heat transfer. 


Q>) Same frontal area and pumping power. 
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Tl. PERFORMANCE PARAMETERS 


KayS and London (3), presents data for many different 
plate - finned surfaces in terms of Colburn Jj factors, j, 
ooemerciction factors, f, aS a function of Reynolds -Ghbee 
Re. The total heat transfer area of the surface, A,, is the 
reference area for j and f while the minimum free flow area, 


Ac» 13 the reference for Re. 


Tne proposed comparison method of Soland et al. [(2) 
converts the magnitudes of Jy and f referenced to the surface 


base plate area, Ab: to obtain new "nominal" values, and 


Jn 
£,- These values will include the effect on the base plate 
eeea Of Che fins. The new Jj, includes the total heat 
transfer area Dut is based on the plate area; hence ee 
Since jf 18 proportional to the local heat transfer 
Semericient, mh, this implies’ that h, > h. Similarly the new 
Menction factor includes the total friction effect but 18s 


based on the plate area as though tne fins were not present: 


also fn > f. Further, since ny includes the effect of the 


fins 1t becomes ae function of fin material thercma i 
conductivity. The f,, however, 1S independent of fin 
conductivity. The new “nominal" Reynolds number, Re,, wil! 


be passed on the open flow area, Arp, as though the fins were 


not present. 


Table I shows the proposed new definitions of the 
various quantities compared with the aefinitions used by 


Kays and London (3). 
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Figure 1 shows a representative surface geometry ana a 
sample calculation for the proposed hydraulic diameter, Ce 


and mass flux, G of a smooth surface passage and the Kays 


Nn ? 
and London plain plate - fin surface 6.2. Note that co 


for either a finned or unfinned parallel plate passage. 


To convert the Kays and London data to the new basis, 
the following ratios are obtained from the definitions of 


Table I and Figure 1. 


Ab eal Ac 
so C11) 

















A, #8Vv  &b 
Where ® * A,v’V 
A 
F bL 1 
pe « C12 
ee shit eh 
G A 
rn c 
= — F or, 13) 
c F 
Re 0.G 
fant = REL = ised € 14) 
re 4r,G- < 
fA ArA,GE b C155 
* AAG. 2aere 
e=b- Fi = h 
J h.G yb 
ES, lo Cale 
j nh Gah eh, 


These catiosg were used to convert Kays and London data 
to obtain curves of tne proposed er eimel Ir Gla) a) funetlon “of 


Re Lomscorve (Gre themepropec fin “@fficuency, Ve. two 


n° 
assumptions were required; selection of the heat exchanger 


material and operating fluid. The gas selected was air at 
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ego F ‘cc, = 0.2451 BrUvin, FF, aw = 0.0624 Ib,vftt hr, Pr = 
0.683). Fouc diftterent heat exchanger materialS were 
analysed; stainless stee! (km = 10 BTU/hr ft F), mild stee] 
Ckm = 25 BTU/hr ft FD, aluminum Ckm = 100 BTU/hr ft F), and 


copper (km = 225 BTU/hr ft F). 


A representative set of curves for the Kays and London 
plain plate - fin surface 6.2 of reference (3] is shown in 


Figure 2 for aluminum heat exchanger material. 


Using the definitions from Table I, two power 
performance parameters can be developed. For any heat 


exchanger, the pumping power required for one side is: 


4 


Substituting for OP > from equation (4b) and using equation 


(3b) results In: 


AG oe L ny rn J . 
© n 
3 
3 f_Re 
P = ca Acl —— (19) 


Rearranging equations (18) and (19) gives: 


2 Al 
€ Ren Io" Pp (20a) 
._—_—- — 
D> a) i) 
eo &P 
Fo é (20b> 
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These two equations are the power performance parameters. 


The heat transfer for any heat exchanger 18 given py: 


Q sa ecTh an - Te in’, C22ad 
= ARMOT 1 m C225») 
a wo, AT, C2aGD 


For any flow arrangement, a curve similar to Figure 3 exists 


which relates € to NTU, where: 


AWA 
NTU s 





Woes 


This relationship between € and NTU 1s always monotonically 
increasing. The log mean temperature difference, AT;, , 18 
defined by Figure 4 and 18 applicable to all single pass 
flow arrangements except for cross flow heat exchangers. In 
a cross flow exchanger 4T,, must be corrected as described 


in reference [4]. 


Heat transfer performance parameters can be developed 
from the definitions, (3b) and ¢7b) of Table I and equations 


€22) and ¢€23) resulting in the following: 








Jn ; pe“ > anh, or" 
om 4wCp, L 

pee a 

twee aT al (24b> 





Tis, 























= a NTU \ x o } 
4 
27s 
pe’ AT 
a i In : (2aq> 
4L ave 
Rae eR. 
1,Re, or ALK. 
Pi = € 2 Sle) 
O- 4c, V 
pers q 
a C25b>) 
qe, AT 1 a¥ 
ers 
7 Pr re aie 
= ay os CZ oe> 


Equations (24) and (25) are the heat transfer performance 


parameters. 


With the surface data !:n the form of Jpn and fn as a 


memetion of Re the pecforcmance parameters can be 


nh * 
constructed into performance curves and plotted. A different 


Gweve will result for each surface. 


ec {57D and (aren 7D. have a common heat exchanger 
Gimension of length, they will be used to generate one set 
of performance curves. Volume 1S the common dimension for 
J pRep/D,* and f Re, °/D,4 so they will be used together to 


generate another set of performance curves. 


Figure 5S shows representative performance curves for two 
Kays and London surfaces when plotted as j,/D, as a function 


of eRe == Da Figure 6 shows the same two surfaces for the 


other performance parameters, JpRep/D,)* and f,Re,3/D,4. In 


both figures, Re, can be represented as shown. 
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ad Smooth Surface Passage 


+ 


kaw! 
D 
a 





Fy b 0 4 - ae 2b 
= g = —— =s } 
F cE. b eal 
Ar, = gal 
7) 2¥) 
Y = abl G,, = —_—_ = —_ 
Ar ab 


b> Plain Plate - Fin Surface 6.2 


———aee SY 
T 


b 
ae 





Ar = ab OD. = 4¢— = 4 — = 2b 
mn = 2al 
At, = 2aL 
Vo= abL G,=—ee 
Ar ab 


Figure 1: Sample Calculation of Nominal Diameter and Mass 
Flux for Rectanguiar Flow Passages. 
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NTU 


Figure 3: Representative Plot of Heat Exchanger 
Effectiveness,@ , vs. Number of Transfer 
Units, NTU. 
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a) 
l 
i ise AT, = Ty - Th 
an s Ts = a 
7: AT, - AT, AT, 
Im an a 
la—_: In 


Figure 4: Typical Axial Temperature Distribution for a 
Condensor and the Definition of Log Mean 
Temperature Difference, AT,, 
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Consider a neat excnanger with the controlling neat 
transfer resistance on one side, sgucn as the gas flow side 
of a condensor or evaporator. This allows the comparison to 
be conducted on onty one side ot a plate - finned heat 
exchanger. The plate resistance separating the two sides of 
the heat exchanger wil! pe considered negligible, and the 
heat exchanger inlet temperatures, Thoin and Te ine wil | 


remain constant for al]! cases considerecad. 


Using the two sets of performance parameters Cequations 
€20)> and (24), and equations (21) and (25)), seven different 
cases can be considered. The first four cases were developed 
by Soland et al. (2! ana uses the performance parameters in 
the form of equations (21) and (25). These cases will be 
briefly presentea tor completeness of discussion. The last 
three cases use the performance parameters in the form of 


Boamatrons ©2Z0) and (24). 


The two surfaces represented in Figure ¢ for the 
performance parameters of equations (21) and (25) will oe 
used to demonstrate the use of these curves to determine 
heat exchanger relative performance for the first four 
cases. These compar:sons will be made for the same flow rate 
and inlet temperatures. This implies that any comparison 
which results in the same value for NTU/V will also have the 


same aq/V. 
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Rerering to Figure +, point o on surface ! represents a 
reference heat exchanger with tne following specifications: 


P NTU GQ, Go» Lo. TRE vores OS Pernt] May Wire “anyvnecge “on 


‘@ in 
the surface 1 performance curve. Points a, b, c, and da on 
surface vue represent the feu different performance 


comparisons of Soland et al. (2). 


The two surfaces shown in Figure 8 for the performance 
parameters of equations ¢€20) and (24) will be used to 
demonstrate theic use to determine heat exchanger 


performance for tne last three cases. 


Point o in Figure 8 represents the same reference heat 
exchanger as the previous fouc cases. For these performance 
parameters the specifications at point o will be: OPe .. eae 
NTU,, o> Apo Lo. This point may lie anywhere on the 


sucface | performance curve. Points e, £f, ana g on Surface 2 


represent the last three performance comparisons. 
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Figure 7”: Representative Performance Curves tor Two 
Surfaces Showing Points Used for Cases a, bd, c, 
and d. 
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Figure 8: Representative Performance Curves toc Twa 
Surfaces Showing Points Used for Cases e, f, and 
2 
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PaSe. 3 : 


same heat exchanger shape, volume, flow rate, and inlet 


temperatures. 
i. = Ly Wo = Wo 
Ar a a AF Lo aq; a = 4QTi 4 
Vga Ve 


This case represents a comparison of points o anda of 
Figure /” by equations (2b) and (3b). The ratios of the 
Ordinate values, equation (25c), and the abscissa values, 
equation (21), apa se the relative changes of heat transfer 
and pumping power between the two heat exchangers. The 


Meeesoscaly ratios are: 








Rena Ona 

Re, oO 0. a) 

c7 cf ,Res-D4 >, 
Pe Cf ,Rea7D4 >, 
NTU Can ee 0- 


Figure %a Shows the magnitude of the increase in pumping 
power and heat transfer when using surface 2 instead of 


sucface 1 in the same shape and volume heat exchanger. 
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Case pd: 


same heat exchanger volume, pumping power, flow rate, 


and inlet temperatures. 


V5 ® Yo od = aaa = 
Ph = Po 4T1,b = ATi ,0 
A vertical line on the performance plot of Figure 7 has 


a fixed value of power per unit volume, equation (21), and 
WS representecd by a comparison of points o and b6. From 
equation (€25c), the ratio of the ordinate values will yiela 
the number of heat transfer units ratio of the two heat 
exchangers. The required ratios are: 


R@n b AF Lo GaA,b 








R@n 6 Ar b Un,o 


= 
NTU, “Jp,Re, “ORD 





ed 
NTU, “s_ARe,705 6 


The magnitude of the increase in heat transfer for the 
Same pumping power when using surface 2 instead of surface 1 
1S represented in Figure 9b. Note that Ren bp < Reno since 
surface 2 has greater friction than surface i. If the plate 
spacing for both surfaces is the same (Da ib = Dao?» then 
the frontal area for surface 2 will be greater than for 


surface 1, AF ib > AF o: Requicing the same volume means that 


the length will decrease, Ly < Lo. 


Sie 


Case c: 


Same heat exchanger pumping power, heat transfer, flow 
rate, and !tnlet temperatures. 
FP 


e = Po w. & Wo 


NTU. = NTUY 4Ti « * OTilo 


Dividing equation ¢25c) by equation (21) will result in 
an equation for a straight line with a unity slope. A line 
having a slope of 1|1 in Figure 7 from point o on surface i to 
intersect surface 2 at point c will provide a comparison of 
required heat exchanger size for the same pumping power and 
heat transfer rate. Since each axis is inversly proportional 
to volume, the ratio of either the ordinates or abscissas at 
points o ang c will result in the required heat exchanger 


volume. The ratios are: 








R@n ic Ae 5 On, 
R@n Lo AF ce On, 0 

I Und Sy 
Ve CF Ren~0A 5 Cy, Re,70F 2, 
We See Lee ee 
Vo Cf Ren70n?- C3 ,Re,70F Oe 


Figure 9c shows the relative reduction in heat exchangec 
volume when using surface 2 with respect to surface 1. As 
long as surface 2 l|1es above surface 1! on the performance 
curves, surface 2 will result in a smaller heat exchanger 


volume. 
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Case a: 


same heat exchanger volume, heat transfer, flow rate, 


and inlet temperatures. 


Vy baal Vo ale | = Wo 
NTUY = NTU, 4Ti og 3 AT; 6 
A horizontal line on Figure 7 has a constant value of 


heat transfer per unit volume; equations (25b) and (25c). 
When both heat exchangers have the same overall] heat 
transfer performance, the ratio of points o and d abscissa 
values, equation ¢21), will provide the pumping power 


required by surface 2 compared to surface i. The ratios are: 


Reng Ae 5 [nog 


Reno Ar 4d DAO 





P 4 CF ReS704 >, 

Figure 9d shows representative cesults for this 
comparison. Note that Ren ig > Ren g- When the plate spacing 
for surface 1 and surface 2 are the same (Da ig = Dn,o?? the 
frontal area for surface 2 will be greater than surface 1, 
AF d > AF o: The same heat exchanger volume implies that the 
length will decrease, Ly < Lo- Since Ren ig is the smallest 


of these four cases, the frontal] area for surface 2 will] be 


the largest for case d, AF ad > AF ic > AF b > AF a: 
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Case e: 


Same heat exchanger shape, volume, pressure drop, ana 


inlet temperatures. 


Le = Le OPe « = OPe 5 
Ac ea 7 AFL 6 Mi CPE 
Ve 7 %5 


This case represents a comparison of points o ande of 
Figure 8 since a vertical line has a fixed value of pressure 
drop per unit length as shown py equation (€20b). Taking 
ratios of the ordinate values, equation (24c), provides the 
change in the number of heat transfer units between the two 
surfaces. The ratio of nominal Reynolds numbers”7~ from 
equations (2b) and (3b) provides the flow rate ratio which 
will also be equal to the pumping power ratio of the 
surfaces by equation (20a). Using equation (24c) and (24a) 
and the temperature definitions from Figure 4, a ratio of 


the temperature rise for Surface 2, AT, to the iniet 


are? 
temperatue, AT; , can be determined. This temperature ratio 
will be a family of curves determinea py the selected 
temperature rise ratio of surface 1. Knowledge of both the 
temperature rise ratio and flow rate ratio enables a 
comparison of the heat transfer rates between the two 
surfaces by use of equation (€22c). A family of curves for 
the heat transfer ratio will also result due to the 


temperature rise ratio of surface 1. The following ratios 


are applicable: 
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Typical resuits of this comparison are illustrated in 


Figure 10. A vertical movement on the performance curve 
between two surfaces results in the upper surface having a 
smaller nominal Reynolds number, Rene < Reno: If the plate 
spacing for poth surfaces are equal, Dnoe = Dio: and since 
the frontal areas are the same, surface 2 will have a 
smaller mass flow rate,“e‘%%,. Pumping power 1S proportional 


to the product of mass flow rate and pressure drop. This 


results in a lower pumping power for surface 2, Pe “ees 


The number of heat transfer units for surface 2 1s 
Qreater than for surface 1, NTU. > NTU, . However, this does 
not mean surface 2 will have a greater heat transfer rate 
than surface 1. Refering to Figure 3, the NTU ratio its seen 
to be proportional to the surface effectiveness ratio within 
a constant. Thus, surface 2 1S amore effective surface than 
surface 1. From equations (22a) and (22c) the temperature 
rise to inlet temperature ratio,4T, @“47T; , 1s the surface 


effectiveness. Surface 1 effectiveness will increase as the 


temperature ratio increases. Since effectiveness approaches 





a 


Mee y exponentially, the change in the temperature rise for 
surface 2 becomes less. The combination of reduced flow rate 
and the interrelationships between NTU, effectiveness, and 


temperature, can cause a heat transfer ratio less than one. 


The above discussion was pased on equal plate spacings. 
If the plate spacing for surface 2 1s greater than surface 


i 6D > OD 


n,e n,o° then the hydraulic diameter ratio will be 


less than unity and the flow rate and pumping power ratios 
will be smaller. The temperature ratios will not change 
since they are ae function of the NTU ratio. The heat 
transfer ratio will be less due to the smaller flow rate 
ratio. If the plate spacing for surface 2 1s less than 
<a) 


Seumerace i, D Tae Lhe flow rate and pumping power 


n,e 
ratios may be greater than unity. This would increase the 
heat transfer ratio without any change in the temperature 


ratios. 


Note from Figure !0 however, that there !sS some 
combination of parameters that wil! provide an improved heat 


transfer for a lower pumping power. 
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Case f: 


same heat exchanger frontal area, heat transfer rate, 
flow rate, and inlet temperatures. 
Aci ¢ = Arig iad = 
Ge = 4, ATi ¢ 7 4Ti 64 
Using the Reynolds number ratio obtained from equations 
(2b) and (2c) results in a comparison of points o and f tn 
Figure 8. Since the heat transfer rate and flow rate are the 
same, the temperature rise across the heat exchanger remains 
constant and the Genmeaeuce difference of the outlet is 
constant, equation (22c). Therefore, from equations (24c) 
and (24d), NTU remains f1xed which means the length ratio of 
the surfaces can pe found from the inverse ratio of the 
ordinate values. The pumping power ratio, equation (20a), 1s 
determined from the product of the abscissa values and the 
length ratio. The required ratios are: 


Ren, ¢ On.¢ 











L¢ CIRO R P20 

a Cip,70R¢ 

Pe CF AROEDA ¢ Le 

——s | 

P Cf Re570R% Lo 

Results of the ratios obtained are shown in Figure 11. 


If the plate spacings of the two surfaces are equal, Dy ¢ 


D then the nominal Reynolds numbers are equal, Re, ¢ = 


ne, Oo’ 


Rey, 9. Surface 2 is above surface 1 on the performance curve 


plot because it has greater heat transfer enhancement anda 
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friction. For tne same heat transfer rate, the greater heat 


transfer enhanced surface wi!l require less length, yas Cae 
for the same frontal area - - a smaller heat exchanger. Due 
to the higher friction of surface 2, 1t will require more 


pumping power, a > Py. The magnitude of the increase in 


pumping power 1S reduced py the decreased length. 


The above discussion was pased on equal plate spacings. 
If the plate spacing for surface 2 18 greater than surface 
ies Dn ot > Dn o> then the nominal Reynolds number of surface 
218 greater than surface 1, Re 


> Ren o> and, poOrmt..£ 


ht 
moves further to tne right on Figure 8. A situation could be 
reached where the cesulting length ratio will be greater 
than unity. This would occur when the ordinate value of 
Surface 2 becomes less than Surface 1. This would require 
Ssucrface 2 pumping power to be greater. If the plate spacings 
are such that surface 2 1s less than surface 1, Dn . ¢ < Dao: 


then the Reynolds number of surface 2 1S less than surface 


meeer: 6S Re, ang point f wili move to a point such as 


'@ yy 
moeinm Figure 8. In this situation the length ratio wili 
remain less than unity but the pumping power ratio wil!) 


become less than unity. This 18 because the abpscissa value 


for surface 2 is less than surface 1. 


The results of Figure 11 indicate that for some 
combination of surface parameters a heat exchanger can be 
found to provide a shorter length with less pumping power 


for the same heat transfer, frontal area, and flow rate. 


41 





Reno 


Figure li: Typical Performance Comparison Results for Case 
oe 
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Case q: 


Same heat exchanger frontal area, pumping power, flow 
rate, and inlet temperatures. 
AF,9 " AFL 6 Cy GP ote 
Py a ae AT. = AT. 

Points o and g, Which are found from the Reynolds number 
ratio of equations (2D) and (3b), 1n Figure 8 are indicative 
ei this case. Since pumping power and flow rate are 
constant, the inverse ratio of the abpscissa values wil! 
provide the heat exchanger length ratio by equation (20a). 
The NTU ratio 18 obtained from the product of the ordinate 
ratio and the length ratio from equation (€24c). As presented 
for case e, a ratio of the temperature rise for surface 2 to 
the iniet temperature, ST, ,”4T; . can be determined from 
equations (€24c) and (24d) and Figure 4. This temperature 
Ouse ratio will cesult ina family of curves determined by 
the selected temperature rise ratio of surface 1. Knowledge 
of the temperature ratios provides a comparison of the heat 
transfer rates. A family of curves again result due to the 


temperature ratios. The ratios are: 
Re D 


n,93 - N»9 
Ren 6 DA 6 
Rae we! 
L CF Rer70R Dg 


9 
i a rn 
ee cf pRen70F Og 
NTU, <Jn7Dn 2g bo 
ii Saeuen >, La 
Olan NTUSNTU 
—_—_——_— = 1 - ¢1-°—-— ) 
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Results of this comparison are shown in Figure 12. 
Assuming equal plate spacings, Diig = Dn,o? the Reynolds 
number ratio will be unity, Ren ig = Reno: Since surface 2 
has a greater friction than surface 1, to achieve the same 
pumping power surface 2 must be shorter than surface 1, Ly < 
Ly: The magnitude of the NTU ratio 1s as shown. Since the 
NTU ratio and surface effectiveness are related as presented 
for case e, surface 2 will be more effective than surface |. 
The heat transfer ratio will only be a function of the 


temperature rise ratio due to the constant flow rate between 


the two surfaces. 


If surface 2 has a greater plate spacing than surface l, 


D > Dni9g- then the Reynolds number of surface 2 is 


n,g 


Seeacer than surface 1, Ke, g >? Ren. o- This will cause point 


9 to move further to the right in Figure 8 and the above 


discussion is st1!1 applicable. If surface 2 plate spacing 
is less than surface 1, Daig < Dn oe then the Reynolas 
number ratio will be less than unity, Ren ig < Reno» and 


eaint Gg may be located at g’ in Figure &. In this situation, 
gsucface 2 will have a greater length than sucface 1, Ly > 


Lo, and the NTU ratio will increase and may exceed unity. 
This would cause a greater temperature ratio for surface 2 
for any selected temperature ratio of surface 1, and 


subsequently an even greater heat transfer ratio. 





An improved neat transfer for a shorter lengtn heat 
exchanger at the same pumping power ana frontal area its 
possibile at some combination of surface parameters as 


Indicated py Figure 12. 
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ieee COMPARISON OF PLATE - FINNED SURFACES 


Tne Kays and Lonaon plate - finned surfaces of reference 
(3] that were considered are listed in Table II by surface 


type, plate spacing, and surface designations. Only the 


Surfaces considered by Soland et aj]. (2] were analysed. Due 
to the large number of surfaces considered, all the figures 
on the following pages will use the numbering scheme |istea 


in the right hand column of Table II. 


Soland showed that any surface performance curve which 
1S above the performance curve for another surface 18s a 
better surface. A better surface 1s defined as one which 
provides the same heat transfer rate for the same pumping 
power, mass flow rate, and inlet temperatures - - case c. 
The conclusion was that the wavy - fin plate - fin surface 
17.8 - 3/8 W was the best surface for an aluminum heat 


exchanger. 


Refering to equations (8), (9), ana (10) of Table I, if 
two heat exchangers were constructed of the same Surface put 
different materials, then the surface with higher thermal 
conductivity would result in a smaller heat exchanger. This 
would primarily be due to a better fin efficiency anda 
subsequently a better overall surface efficiency. From 
equation (16), a greater overall efficiency causes a larger 
nominal Colopurn 3 factor, Jz o > Jpii- Notice that the 
nominal friction factor of equation (15) does not change. 


These two items cause the performance curve for the higher 
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Semeauctivity material to lie above the other and result ina 
smaller heat exchanger. If the two heat exchangers were 
constructed from difrerent materials and different surfaces, 
fin efficiency may not improve due to higher’ therma! 
Gomauctivity. In CS ee Sleetiat 1 On, plate Spacing, fin 


thickness, and conductivity play a role. 


Performance curves for each surface |isted in Table II 
were plotted for four different materials - - Stainless 
steel, mild stee!, aluminum, and copper. The surfaces were 


cranked by surface type for each materia!. To provide a more 
apparent comparison, aluminum was used as the base heat 
exchanger. Figures 13 through 16 are the performance curves 
obtained for stainless stee!, mild stee!, aluminum, and 
copper respectively. Only the best surface type constructed 


from aluminum !:8 Snown tor each of the four materials. 


Mraveyeid, stale 


General 
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KAYS AND LONDON PLATE - FIN SURFACES 


Plate Spacing 


Surface 


Surface 


emeracé [ype _—-—s_—Ss Cb, ynches> Desiqnation. Number 


Plain Plate - Fin 


Louvered Piate - 
Fin 


Strip - Fin Plate 
=) Pin 


Wavy - Fin Plate 
- Fin 


Pin - Fin Plate 
- Fin 


-470 
-405 
7620 
2250 
- 480 
oO 
.418 
sco O 


eh @, 
70 
200 
250 
2200 
220 
sZo0 
B50. 
Seou 
> 20 
rae. 
Beale) 
- 200 
~2o0 


1cou 
- 485 
-414 


.413 
-413 


- 240 
ells. 
a750 
SOO 2 
=) Ue 


ON UI 
ON Ww 


3 
Vi 

lee Aa 
14.77 
15.08 
19.86 


3.8-6.06 
3/8Ca)-6.06 
i/2-6.06 
1/2¢a)-6.06 
3/8-8.7 
3/86a)-8.7 
3/16-11.1 
{74-11.1 
1f7/4Cbd-11.1 
B/B8-11.1 © 
3/8CbI-11.1 
5 oe tan ee | 
3/4-11.1 
3/4¢€b)-11.1 


174 =) la 
S732 le eee 
1/8-15.2 


11.44-3/8 W 
i7.8-3/8 W 


Aps1 
lst 
Zia, 
PF-4¢F) 
Be-oCh 


ONAN b WN 
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To perform a comparison of cases e, f, anda g. a 
reference surface was selected. This Surface 1S a smooth 
surface with no ennancementS and a plate spacing of 0.25 
inches CD, = 0.5 inches). Comparison of many surfaces to a 
single common smooth plate nominal hydraulic diameter 
permits a relative comparison between surfaces having 


different nominal diameters. 


The performance curve ordinate, Jn7Dn > for a smooth 
Sugerace was determined utilizing the turbulent flow in tubes 
Colburn correlation for forced convection from reference 


Oe 


j = 0.023 Re 9: (26) 
For a smooth surface h = Nn Ga= OF Re = Res. Then: 

jg 9.023 Re W~9-e 

—_— s —— Caer) 

On On 


The performance curve aosc:is3s3, f Re,“/D,*, for a smooth 
Surface was calculated by the |inear approximation from 


reference [4]: 


€ =» 0.0791 Re 9-°> eee 
For a smooth surface f = ae 
=a “ 
fScene oforen Rei (29) 
a: ee! - aren Ta 
OF o> 


Solving equation (28) tor Re, and substituting into 


equation (27) leads to: 


s 0.01 Cf gRet/D> > ¢30) 
DB, OF” 
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Equation ¢€30) provides the performance curve for a 
smooth surface for cases e, f, and g. Figure 1? shows the 
performance curves used for these comparisons. Shown are the 


best surface of each surface type determined by case c ana 


the smooth surface for aluminum heat exchanger material. In 
the following figures, the subscript "es" will denote the 
enhanced surface and the subscript "sg" will denote the 


smooth surface. 


Results for case e, game shape, volume, and pressure 
drop, are shown in Figures 18 through 23 inclusive. Figure 
18 shows the NTU ratio as a function of Ren gs: The flow rate 
ratio, which 1S equivalent to the pumping power ratio, 18s 
Shown in Figure 19. Note that in Figure 19, a higher ratio 
igs the smaller pumping power for the enhanced surface. Since 
a family of curves are generated for the heat transfer ana 
temperature rise ratios, Figures 20 and 21, only the curves 
for a smooth surface temperature rise ratio of O.1 are 
shown. A family of curves generated py the selected smootn 
surface temperature rise ratio are shown in Figures 22 ana 
23 for heat transfer and temperature rise ratios. These 
figures show the results for one surface only, namely the 
plain plate - finned surface 6.2. Ratios of heat transfer 
and temperature rise as a function of the smooth surface 
temperature rise are shown in Figures 24 and 25 respectively 


for the same surface. 


22 


For case f, same frontal area, flow rate, and heat 
transfer, Figures 26 and 27 show the resuits. Figure 26 1s 
the pumping power ratio and Figure 27 1s the length ratio as 
a function of the smooth surface nominal Reynolds number, 
Ren gs: A lower ratio 1s preferred in Figure 26, and a higher 


Bacio in Figure 2/7. 


Case g results are shown in Figures 28 through 35 
inclusive. The NTU ratio 18 shown in Figure 28 and the 
length ratio in Figure 29. Like case e, heat transfer ratio 
vs. Rens 1S Figure 30 and temperature rise ratio vs. Ren s 
is Figure 31 for an inlet temperature rise ratio of O.1 on 
the smooth surface. A family of curves generated by the 
selected smooth surface temperature rise ratio are shown 1n 
Figures 32 and 33 for heat transfer and temperature rise 
ratios. These figures snow the results for one surface only, 
namely the plain plate - finned surface 6.2. Figures 34 and 
35 show a family of curves for the heat transfer and 
temperature rise ratios respectively, vs. the smooth surface 
temperature rise ratio for the same single surface. I[n 
Figure 29 a higher ratio gives petter results and in Figures 


28, 30, and 31 a lower ratio 1s preferable. 
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pee CUMPARLSO DUETS 


Table III shows the canking of the surfaceS based on 
case c by heat exchanger material and surface type In oraer 
of decreasing performance within each surface type. Ranking 
of the best surface for each material, with the surface 
plate spacing in parentheses, !:S shown tin Table IV. Using 
aluminum as the “base" surface material, the rankings within 
each material 18 shown in Table V of the best aluminum 
Surfaces. OQOveral! ranking of al] surfaces considered is 
shown in Table VI. Because of the proximity of some of the 
performance curves to each other and curve crossovers the 


rankings of some surfaces !18 Subjective. 
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TABLE III: RANKING BY SURFACE TYPE 


Surface Number 
Surface Stainless Mild Aluminum Copper 


Plain Plate - 8 8 8 8 
Fin 6 6 6 6 

4 4 4 4 

of 7 7 7, 

5 5 S 5 

1 1 1 1 

2 Z 3 . 

3 3 2 2 

Louvered aes eye 17 17 
Pilate - Fin LS 16 16 16 

19 18 18 19 

16 iS 19 18 

18 19 ie VS 

20 20 20 20 

es 21 22 rae | 

21 22 2) Ze 

14 14 14 14 

ies ee es 13 

10 10 10 10 

12 2 Ze 12 

11 9 9 LA 

9 jae Ne 9 

Strip — Fin 23 ZS ZS ZS 
Plate - Fin Zo 23 23 23 

24 24 24 24 

Wavy - Fin ot OAT Ze 2? 
Plate - Fin 26 26 26 26 

Pin - Fin 29 29 30 30 
Pilate - Fin 28 28 29 29 

31 30 31 31 

30 31 28 28 


TABLE IV: 


RANKING OF BEST SURFACES 


TT 


Surface Number 


: } Been Maine: cell ati ; 


tai 


o~ &™% FN EN FSX 


o~ IS IN FN HS 


220 
5 ae 8 
-413 
20 
.398 


s Steel 


290 
Sse. 
»413 
- 414 
ft 30 


ind 
ind 
ind 
ind 
in) 


2 
i 

8 
23 
Zo 


TABLE V: 


in) 
ind 
ind 
ind 
ind 


Za0 
1G 


30 


-413 
“250 
- 200 
- 200 
-396 


in) 
ind 
ind 
ind 
ind 


2? 
25 
le 

8 
30 


oN IN IN I~ OH 


~413 
~414 
72 OU 
250 
790 


RANKING BY ALUMINUM 


~~ &N% SN ON FN 


-413 
a2oU 
ZOU 
-414 
5 ele 


| 


ie, 
ery 
Ind 
Ne 9 
ind 


Sucface Number 


Aluminu 
2r ©.4ia 
25 €.414 
Ly (2250 
8 ¢.250 
S60. °C .750 


in) 
ind 
ind 
in) 
in? 


iT) BASE" 


wow, 
ind 
PAD 
Ind 
ind 


2? €.413 
25 €.414 
17 ><. 250 
8 ¢€.250 
30 < % 750 
SURFACE 
2? €.413 
25 €.414 
ig C4250 
Be ¢..250 
30 ¢.750 


ind 
ind 
Ba 
ind 
Wei, 


ind 
Baie 
ine 
ino 
yale, 
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TABLE VI: OVERALL SURFACE RANKING 


Surface Number 
Ranking Stainless Mild Aluminum Copper 


1 lee at et 2? 
2 15 Pe 25 Zo 
3 Lo 16 17 17 
4 16 8 16 ae 
5 8 18 18 Ly 
6 Zt 1s. IB 18 
u 18 ie 8 15 
8 23 Zo 15 26 
9 20 23 23 8 
10 ZZ 20 26 23 
WA 21 21 20 20 
Le 25 22 22 24 
13 14 26 ee 21 
14 ie 14 24 22 
15 Zo is 14 30 
16 FAs! Zz ke. 14 
Vs Zo 10 30 13 
18 10 6 Zo Zo 
19 12 28 10 10 
20 hd 12 6 6 
au 6 9 12 eZ 
ez 2 30 9 11 
23 Shh 24 11 31 
24 4 “1 Sl 28 
Zo 30 a1 Ze 9 
26 24 11 ~! 4 
CATE VE 7G 7 i 
28 ) S) S 5 
29 32 32 32 32 
30 1 1 1 1 
31 2 2 3 3 
32 S = 2 2 
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VI. CONCLUSIONS 


Using basic heat transfer, friction, and geometric 
relationships for heat exchanger surfaces, performance 
parameters can be developed to relate heat transfer, 
required pumping power and heat exchanger s31Ze. These 
parameters can be used to determine the relative performance 
of one surface type to another of the same or different 
materials. The performance parameters need to be modified 
for the desired comparison based upon the characteristic 
dimensions of the surface. Cases a through d use volume and 
cases e through g use length as the characteristic 
dimensions. Other items to consider when comparing surfaces 
are what is the deSired result, 1.e. a reduction in total 
volume or a reduction in length, and what parameters are to 
remain constant between the surfaces - - flow rate, pumping 


power, heat transfer, fronta! area, etc. 


Case c provides the best way to compare surfaces. By 
Keeping the pumping power and heat transfer constant, case c 
will indicate which surface will give the smallest heat 
exchanger for a given flow rate to do the job. It does not 
indicate however, that one surface 1s better than another 
for al! applications. Different materials are better than 
others depending upon the application. Because of different 
plate spacings and fin thicknesses, surfaces may switch 
relative positions between materials. Refering to Tables III 


and IV, in general, as thermal conductivity decreases, 
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surfaces witn smaller plate spacings become the better 


surfaces. For stainless steel surface numper 17, louvered 
plate - fin surface 1/4 (€b) - 11.1, is the pest while for 
mild steel, aluminum, and copper, surface number 27, wavy - 
fin plate - fin surface 17.8 - 3/8W is the best of the 


surfaces compared. 





10. 


tele. 
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